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2-(T rimethylammonium) ethyl (R)-3-methoxy-3-oxo-2-steara- 
midopropyl phosphate [(R)-TEMOSPho], a derivative of an 
organic chemical identified from a natural product library, 
promotes highly efficient megakaryopoiesis. Here, we show 
that (R)-TEMOSPho blocks osteoclast maturation from pro- 
genitor cells of hematopoietic origin, as well as blocking the 
resorptive function of mature osteoclasts. The Inhibitory 
effect of (R)-TEMOSPho on osteoclasts was due to a dis- 
ruption of the actin cytoskeleton, resulting from impaired 
downstream signaling of c-Fms, a receptor for macro- 
phage-colony stimulating factor linked to c-Cbl, phosphoi- 
nositol-3-kinase (PI3K), Vav3, and Rac1. In addition, (R)- 
TEMOSPho blocked inflammation-induced bone destruc- 
tion by reducing the numbers of osteoclasts produced in 
mice. Thus, (R)-TEMOSPho may represent a promising new 
class of antiresorptive drugs for the treatment of bone loss 
associated with increased osteoclast maturation and activity. 



INTRODUCTION 

Bone homeostasis is sustained by the coordinated regulation of 
bone-forming osteoblasts and bone-resorbing osteoclasts (Boyle 
et al., 2003). Excessive bone resorption by osteoclasts causes 
pathological bone diseases, such as osteoporosis, periodontitis, 
and rheumatoid arthritis (Boyle et al., 2003; Harada and Rodan, 
2003; Karsenty and Wagner, 2002; Teitelbaum, 2000). Osteoc- 
lasts are multinucleated giant cells generated from hematopoie- 
tic monocyte/macrophage precursor cells by multiple steps of 
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cell differentiation. The differentiation and function of osteoclast 
are induced by two critical cytokines: macrophage-colony stimu- 
lating factor (M-CSF), and receptor activator of NF-kB ligand 
(RANKL) (Leibbrandt and Penninger, 2009; Teitelbaum, 2007). 

IVI-CSF mediates the survival and proliferation of precursors of 
the monocytes and macrophages, as well as their differentiation 
into mature phagocytes (Ross, 2006). The observation that 
opiop mice, which fail to express functional M-CSF as a result of 
a point mutation in the Csf1 gene, are osteopetrotic (Kodama et 
al., 1991; Wiktor-Jedrzejczal< et al., 1990) confirmed the critical 
role of IVI-CSF in osteoclast biology. The functional linkage be- 
tween M-CSF and its transmembrane receptor tyrosine kinase, 
c-Fms, was established by the observation that mice lacking the 
gene coding for c-Fms, csf1r, exhibit the same major phenotype 
as the op/op mice. That is, they have a marked decrease in 
tissue macrophages and severe osteopetrosis due to a lack of 
osteoclasts (Dai et al., 2002; Kodama et al., 1991; Marks et al., 
1992; Wiktor-Jedrzejczak et al., 1990). 

Binding of M-CSF to c-Fms activates receptor autophosphory- 
lation at seven tyrosine residues within the cytoplasmic domain 
(Faccio et al., 2007; Pixley and Stanley, 2004; Ross, 2006). 
Several Src homology 2 domain-containing molecules, including 
phosphoinositol-3-kinase (PI3K) and c-Cbl, are recruited to the 
autophosphorylated c-Fms to initiate the signaling cascades that 
lead to cell proliferation, survival, differentiation, and cytoskeletal 
organization of osteoclast lineage cells (Pixley and Stanley, 

2004) . M-CSF-dependent cytoskeletal changes in osteoclasts 
are regulated by the activation of Vav3 and its downstream ef- 
fector Rac, two key mediators of actin remodeling (Faccio et al., 

2005) . M-CSF signaling also recruits the adaptor protein com- 
plex Grb2/Sos in the cytoplasmic tail of c-Fms, acting as a gua- 
nosine exchange factor for Ras, activating the Ras/Raf/Mek/Erk 
pathway (Ross, 2006) and thereby contributing to the mediation 
of macrophage proliferation. 

It has been reported that 2-(trimethylammonium) ethyl (R)-3- 
hydroxy-2-stearamidopropyl phosphate (TEHSPho), a lyso- 
phosphatidylcholine derivative of a chemical from a natural 
product library, inhibits osteoclast differentiation and bone re- 
sorbing activity of mature osteoclasts through the inhibition of the 
RANKL-induced activation of ERK, Akt and NF-kB (Kwak et al., 
2004). Recently, Lim et al. (2012) described the activity of 2- 
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(trimethylammoniunn) ethyl (R)-3-methoxy-3-oxo-2-stearamidopropyl 
phosphate [(R)-TEMOSPho], a novel compound derived from 
TEHSPho, in megakaryocyte differentiation. They showed that 
(R)-TEMOSPho induces cell cycle arrest, cell size increase, 
polyploidization, and megakaryocyte-cell surface marker ex- 
pression in both leukemia cells and primary CD34+ hematopoie- 
tic stem cells. 

Here, we characterized the effects of (R)-TEMOSPho on os- 
teoclast differentiation and function. Our results suggest that (R)- 
TEMOSPho blocks osteoclast maturation and resorptive function 
through the inhibition of M-CSF signaling, which causes disruption 
of the actin cytoskeleton. Furthermore, (R)-TEMOSPho was 
shown to block lipopolysaccharide (LPS)-induced bone destruc- 
tion in mice, suggesting that (R)-TEMOSPho may be useful for the 
development of potential therapeutic agents for the treatment of 
bone diseases. 

MATERIALS AND METHODS 

Synthesis and purification of (R)-TEI\/IOSPho 

(R)-TEMOSPho was synthesized by the modification of pre- 
viously described method (Kim et al., 2003) and purified by silica 
gel flash column chromatography (metylene chloride : methanol 
3:1 to 1 :1 ) to yield the pure compound as white solid (636.2 mg, 
66%). ■'H-NMR (400 Mz, CD3OD) 8 4.65 (brs, 1H), 4.11-4.25 (m, 
4H), 3.78 (s, 3H), 3.62-3.64 (m, 2H), 3.22 (s, 9H), 2.25-2.30 (m, 
2H), 1 .62 (br s, 2H), 1 .29-1 .33 (m, 28H), 0.90 (t, J = 6.8 Hz, 3H). 
HRMS (El) m/z calcd for C27H56N2O7P 551.3825, found: 
551.3826. 

Reagents 

The p-glycerol phosphate, ascorbate-2-phosphate, dexametha- 
sone, p-nitrophenyl phosphate, and hematoxylin solution were 
purchased form Sigma-Aldrich (USA). Recombinant human M- 
CSF and BMP-2 were purchased from R&D Systems (USA). 
Recombinant human RANKL was from PeproTech (USA). Aliza- 
rin red solution and phalloidin-FITC were obtained from Alpha- 
Chem (Middlesex, UK) and Invitrogen (USA), respectively. 
SYBR Green Master kit was from Kapa Biosystems (USA). Pri- 
mary antibodies include rabbit anti-Vav3 (Upstate Biotechnology, 
USA), rabbit anti-PI3K (Upstate Biotechnology), rabbit anti-c- 
Fms (C-20) (Santa Cruze Biotechnology, USA), mouse anti-c- 
Cbl (BD Biosciences, USA) and mouse anti-phosphotyrosine 
mAb4G10(Millipore, USA). 

In vitro osteoclast differentiation 

Osteoclasts were prepared from bone marrow cells using a 
standard method (Suda et al., 1997). In brief, mouse bone mar- 
row cells were isolated from tibiae and femurs of 6-week-old 
mice by flushing the bone marrow with a-MEM. Cells were cul- 
tured in a-MEM containing 10% FBS, 100 U/ml penicillin, and 
100 mg/ml streptomycin in the presence of 30 ng/ml M-CSF for 
3 days. Subsequently, the osteoclast precursor cells (bone mar- 
row-derived macrophages [BMMs]) were cultured with 30 ng/ml 
M-CSF and 100 ng/ml RANKL for the indicated time periods. 
TRAP assays were carried out as previously described (Lee et 
al., 2006). TRAP-positive (TRAP*) cells that contained more 
than 3 or 20 nuclei were counted as TRAP* multinucleated cells 
(TRAP* MNCs). TRAP* mononuclear cells in each well were 
scored using an inverted microscope. 

In vitro osteogenic differentiation 

Primary osteoblast precursor cells were isolated from the cal- 
varial bone from newborn mice by enzymatic digestion with a- 
MEM containing collagenase (Invitrogen, USA) and 0.2% dis- 



pase II (Sigma-Aldrich, USA). The precursor cells were plated at 
a density of 2 x lO'' cells/well in 48-well plates and cultured for 7- 
14 days in osteogenic medium containing 10 mM p-glycerol 
phosphate, 50 ng/ml ascorbate-2-phosphate, 10 '^iiM dexame- 
thasone and 25 ng/ml human recombinant BMP-2 (R&D Sys- 
tems, USA). The culture medium was replaced with fresh osteo- 
genic medium every 3 days. Alkaline phosphatase (ALP) stain- 
ing was performed by BCIP/NBT color development substrate 
(Promega, USA) according to the manufacturer's instructions. 
ALP activity assay was measured biochemically using a p- 
nitrophenyl phosphate tablets (Sigma-Aldrich, USA). Cells were 
differentiated for 7 days and harvested. The cells were then 
lysed with 1% Triton X-100. Lysates were centrifuged at 13,000 
X g for 10 min at 4°C. Cell extracts were added to each 96-well 
plate containing p-nitrophenyl phosphate and incubated for 30 
min at room temperature. Finally, the reaction was stopped by 
the addition of 50 nl of 3 N NaOH. The ALP activity was deter- 
mined by absorbance measurement at 405 nm. For Alizarin red 
staining, cells were fixed with 4% paraformaldehyde for 10 min, 
washed with PBS and stained with 2% Alizarin red S solution 
(AlphaChem, UK) for 5 min at room temperature. For Alizarin 
red quantification, 0.5 N HCL and 5% sodium dodecyl sulfate 
were added to each well. The extracted dye was measured for 
light absorbance at 562 nm. 

Real-time quantitative PCR (RT-qPGR) analysis 

Total RNA (2 \ig) isolated from cell cultures at various times 
using the TRIZOL (Takara Bio, Japan) and was used as a tem- 
plate for cDNA synthesis. RT-qPCR was performed with SYBR 
Green Master kit (Kapa Biosystems, USA). Primers specific for 
murine TRAP, cathepsinK, matrix metalloproteinase 9 (MMP9), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 
used. The following primers were used: for TRAP, 5'-CACAAT- 
CCATGCAGGAGCAT-3' and 5'-AAACACACGCAGCTTC-3'; 
for cathepsin K, 5'-GGAAGAAGACTCACCAGC-3' and 5'-GCT- 
ATATAGCCGCCTCCAG-3'; for MMP9, 5'-CCTGTGTGTTCC- 
CGTTCA-3' and 5'-CGCTGGAATGATCTAAGC-3'; for GAPDH, 
5'-CCAAAGTTGTCATGGATG-3'. and 5'-CCCTTCATTGACCT- 
CAACC-3'. The amplification reaction was conducted for 22-30 
cycles, each of at 95°C for 5 min, 58°C for 1 min, and 72°C for 1 
min. 

Actin ring formation 

BMMs were cultured with M-CSF and RANKL for 4 days with or 
without (R)-TEMOSPho (10 ^M). For actin ring staining, cells 
were fixed in 3.7% paraformaldehyde for 15 min, permeabilized 
in 0.1% Triton X-100 for 5 min, and rinsed in PBS. The cells 
were incubated in phalloidin-FITC (Invitrogen, USA) for 30 min. 

Resorption pit assay 

BMMs were plated on dentine slices (provided by M. Takami, 
Showa University, Japan) and treated with (R)-TEMOSPho (10 
|jM) for 6 days. After incubation, attached cells were completely 
removed from the surface of dentine slices by abrasion with a 
cotton tip, and their resorption pits were visualized by staining 
with hematoxylin solution. Photographs were taken under a light 
microscope and total area of resorption pits were measured and 
analyzed with the Image Pro-Plus program 4.5 (Media Cybernet- 
ics, USA). 

Western blot analysis 

For immunoprecipitation, BMMs were cultured with M-CSF and 
RANKL for 2 days with or without (R)-TEMOSPho. Pre-osteoclasts 
were starved of serum and cytokines for 5 h and then stimulated 
with M-CSF for 5 min. Cells were washed twice with cold-PBS 
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Fig. 1. Effects of (R)-TEMOSPho 
on osteoclast differentiation. (A) 
BMMs were cultured with M-CSF 
(30 ng/ml) and RANKL (100 ng/ml) 
for 4 days with or without increasing 
concentration of (R)-TEMOSPho as 
indicated. The numbers of TRAP* 
MNCs containing more than 20 
nuclei per well are shown in the 
graph. Data represent mean ± S.D. 
*P < 0.001 . (B) As in (A), except 
that number of TRAP* mononuc- 
lear cells were counted. Data 
represent mean ± S.D. **P< 0.01. 
(C) BMMs were cultured with M- 
CSF and RANKL for 4 days with or 
without of (R)-TEMOSPho (10 nM). 
On day 4, the cells were stained for 
TRAP activity. Scale bar denotes 
200 nm. 



and lysed in 2x-HNTG buffer (40 mM HEPES [pH7.4], 200 mM 
NaCI, 2% Triton X-100, 20% glycerol, 1 mM sodium orthovana- 
date, 1 mM sodium fluoride, protease inhibitor), Lysates (800 |j.g) 
were incubated with 2 i^g of primary antibody for overnight at 
4°C. Protein G beads were then added and incubated with rota- 
tion for 1 h at 4°C. Washed beads were resuspended in 2x SDS 
loading buffer, boiled for 5 min, centrifuged, and subjected to 
SDS-PAGE. Primary antibodies include rabbit anti-Vav3, rabbit 
anti-PI3K, rabbit anti-c-Fms (C-20), mouse anti-c-Cbl, and 
mouse anti-phosphotyrosine 4G10. 

LPS-induced bone destruction 

All animal study protocols were approved by the Animal Care 
Committee of Ewha Laboratory Animal Genomics Center. Mice 
(C57BU6 mice, male, 6-7 weeks old) were administered with a 
local calvarial injection of LPS (12.5 mg/kg body weight, Sigma- 
Aldrich) twice with an intervening 48 h. (R)-TEMOSPho or saline 
was calvaria injected daily for 4 days. All mice were killed at 5 
days after the first LPS injection. For histological analysis, calva- 
ria were fixed in 4% paraformaldehyde for 3 days, decalcified 
with 0.5 M EDTA for 8 days, embedded in paraffin, cut into 5 \xm 
sections, and then stained for TRAP and hematoxylin. 

Statistical analysis 

Data are expressed as mean ± S.D. from at least three indepen- 
dent experiments. Statistical differences were analyzed by stu- 
dent's f-test. P< 0.05 was considered statistically significant. 

RESULTS 

Inhibitory effects of (R)-TEIVIOSPIio on osteoclast formation 

To determine whether the (R)-TEMOSPho could affect osteoc- 
lastogenesis, BMMs cultured in M-CSF and RANKL were incu- 
bated with (R)-TEMOSPho. RANKL-induced osteoclast forma- 



tion was inhibited by incubation with (R)-TEMOSPho in a dose- 
dependent manner (Fig. 1A). The formation of large (> 200 |j.m) 
osteoclasts containing more than 20 nuclei was greatly dimi- 
nished by treatment with the (R)-TEMOSPho; however, we ob- 
served that the number of TRAP* mononuclear cells were higher 
in (R)-TEMOSPho-treated cells (Fig. IB). Interestingly, (R)- 
TEMOSPho-treated osteoclasts formed an irregular or con- 
densed shape with a smaller cell size compared to that of control 
(Fig. 1C). These results suggest that the (R)-TEMOSPho may 
regulate the formation of large osteoclasts, but not the differen- 
tiation of TRAP" to TRAP* osteoclast precursors. In contrast, 
treatment of the (R)-TEMOSPho in osteogenic cultures of cal- 
varial pre-osteoblasts did not inhibit either osteoblast differentia- 
tion or calcium mineralization (Fig. 2). 

To determine the stage of osteoclast formation at which the 
(R)-TEMOSPho acts, osteoclastogenic cultures were treated 
with (R)-TEMOSPho for various time periods. Exposure to the 
(R)-TEMOSPho during the last 2 days of osteoclast differentia- 
tion was sufficient to inhibit osteoclast formation (Figs. 3A and 
3B), suggesting that (R)-TEMOSPho may affect the later stage 
of differentiation, i.e., cell-cell fusion of pre-osteoclasts. Impor- 
tantly, there were no significant differences in the inducible levels 
of osteoclastogenic markers including MMP9, TRAP, and ca- 
thepsin K (Fig. 3C). These results support that (R)-TEMOSPho 
alters osteoclast formation in a later stage of osteoclastogenesis, 
but has no effect on the generation of TRAP* osteoclast precur- 
sors. 

Effects of (R)-TEIVIOSPho on actin ring formation and bone 
resorption 

Since (R)-TEMOSPho-treated osteoclasts formed an irregular or 
condensed shape with a smaller cell size (Fig. 1 C), we examined 
the morphological impact of the (R)-TEMOSPho on actin ring 
formation by staining the cells with FITC-phalloidin and TRAP. 
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Fig. 2. Effects of {R)-TEI\/10SPho on osteoblast differentiation and function. (A) Pre-osteoblasts from calvaria were grown to confluence and 
then cultured in osteogenic differentiation medium with and without {R)-TEMOSPho as indicated. Subsequently, alkaline phosphatase (ALP) 
staining and mineralized nodules staining (Alizarin red) were conducted at 7 and 14 days after culture, respectively. The figure of alkaline phos- 
phatase staining shows no effects of the (R)-TEMOSPho on osteoblast differentiation. Mineralized nodule formation revealed by Alizarin red 
staining showed no inhibitory effect of (R)-TEMOSPho. (B) ALP activities were measured by using a spectrophotometer at 405 nm. (C) Alizarin 
red staining was quantified by using a spectrophotometer at 562 nm. Data represent mean ± S.D. *P< 0.01 versus control, n.s, not significant. 
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Fig. 3. (R)-TEMOSPho Inhibits osteoclast maturation in the terminal differentiation stage. (A) BMMs cultured with M-CSF (30 ng/ml) and 
RANKL (100 ng/ml) were treated with (R)-TEMOSPho (10 ^M) for the first 2 days (El), the last 2 days (E2) or the entire 4 days (E3). 
The cells were stained for TRAP activity. Scale bar denotes 200 ^m. (B) The numbers of TRAP* MNCs containing more than 20 nuclei 
per well are shown in the graph. Data represent mean ± S.D. *P< 0.001 . (C) Same as in (A), cells were analyzed for TRAP, MMP9, 
and cathepsin K expression by RT-qPCR. GAPDH served as loading control. 
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Fig. 4. (R)-TEI\/10SPho impairs cytosl<eletal organization and resorption function. (A) BIVIIVIs were cultured with M-CSF (30 ng/ml) and RANKL 
(100 ng/ml) for 4 days with or without (R)-TEMOSPho (10 [M). Cells were stained for F-actin (upper panels) and TRAP (lower panels). The 
actin cytoskeleton was visualized by Alexa-Fluor-488 phalloidin staining. (B) BMMs were plated on dentine slices with M-CSF and RANKL with 
or without (R)-TEMOSPho for 6 days. Osteoclasts were removed and the bone slices stained with hematoxylin. The total area of resorption pits 
was measured with Image-Pro Plus 4.5 (Media cybernetics). Data represent mean ± S.D. *P< 0.01 . Scale bar denotes 200 ^m. 
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Fig. 5. (R)-TEMOSPho inhibits M-CSF-induced c-Fms signaling in pre-osteoclasts. (A-D) BMMs were cultured with M-CSF and RANKL 
for 2 days with or without of (R)-TEMOSPho (1 0 i^M). After serum starvation for 5 h, pre-osteoclasts were stimulated with or without M- 
CSF (30 ng/ml) for 5 min. Cell lysates were immunoprecipitated with a c-Fms antibody (A), c-Cbl antibody (B), PI3K antibody (C) and 
Vav3 antibody (D) followed by Western blotting for anti-phosphotyrosine antibody 4G10. Levels of c-Fms, c-Cbl, PI3K and Vav3 are 
shown with respect to loading control. The phospho-specific bands were quantified and normalized by the intensities of the correspond- 
ing nonphospho bands (n = 3, *P< 0.05, **P< 0.01). (E) Pre-osteoclasts were stimulated with M-CSF for 5 min, and activated forms of 
Rac were detected by GST pull down assay. The chemiluminescence signals for GTP-Rac were quantified and normalized according 
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Fig. 6. {R)-TEI\/10SPho suppresses LPS-induced osteoclast formation and bone destruction. (A-C) C57BL76 mice were subcutaneously injected 
over the calvaria with LPS (12.5 mg/kg), twice at an interval of 48 h, with or without (R)-TEMOSPho (3 mg/kg) for 4 consecutive days. Histologi- 
cal sections of calvaria were stained with TRAP and hematoxylin (A). After TRAP staining, the number of osteoclast (B) and eroded surface (C) 
were analyzed. Data represent mean± S.D. *P< 0.01 (n = 5). Scale bar denotes 50 )jm. 



Consistent with their abnormal shape, the formation of an actin 
ring was severely disrupted in the presence of (R)-TEMOSPho 
(Fig. 4A), suggesting that the (R)-TEMOSPho could affect for- 
mation of the actin ring, a cytoskeletal structure that is essential 
for osteoclasts functions, such as bone resorption. 

To determine the functional implications of the (R)- 
TEMOSPho in osteoclasts, the capacity of osteoclasts to resorb 
mineralized matrix in the presence of the (R)-TEMOSPho was 
examined. The resorbed area on dentine slices was reduced by 
the addition of the (R)-TEMOSPho (Fig. 4B), suggesting that 
(R)-TEI\/IOSPho regulates the function of osteoclasts. 

(R)-TEMOSPho blocks M-CSF receptor signaling 

M-CSF signaling plays an important role in actin cytoskeletal 
reorganization in osteoclasts (Fuller et al., 1993; Sakai et al., 
2006). Thus, we asked whether (R)-TEMOSPho may affect M- 
CSF signaling. We first examined M-CSF-induced tyrosine 
phosphorylation of the c-Fms receptor. Treatment of (R)- 
TEMOSPho markedly suppressed c-Fms phosphorylation by M- 
CSF in pre-osteoclasts (Fig. 5A). Moreover, tyrosine phosphory- 
lation of c-Cbl and PI3K downstream of the c-Fms receptor were 
suppressed by treatment of (R)-TEMOSPho (Figs. 5B and 5C). 
Furthermore, the activation of VavS and Raci , two key media- 
tors of actin reorganization, was inhibited by (R)-TEMOSPho 
(Figs. 5D and 5E). Overall, these data indicated that (R)- 
TEMOSPho blocked the phosphorylation of the c-Fms receptor, 
resulting in the inhibition of Vav3 and Raci , which are required 
for M-CSF-dependent actin reorganization. 

Therapeutic effects of (R)-TEI\/IOSPIio on inflammation- 
induced bone loss 

To investigate the effects of (R)-TEMOSPho on the pathological 
formation of osteoclasts during inflammation, subcutaneous 
tissue over the periosteum of mouse calvaria were injected with 
vehicle alone (PBS), and LPS together with or without the addi- 
tion of (R)-TEMOSPho at 1-day intervals for 4 days, with the 
exception that the initial injection of LPS was followed by injec- 
tion with PBS. Whole calvaria was fixed in 4% paraformaldehyde 
and used for TRAP staining (Fig. 6A). The formation of TRAP* 
MNCs was greatly suppressed in (R)-TEMOSPho-treated mice 
(Fig. 6B), and the extent of bone erosion was notably reduced 
by (R)-TEMOSPho treatment (Fig. 6C), suggesting that (R)- 



TEMOSPho effectively inhibited inflammation-induced bone 
destruction. Together, these results suggest that using (R)- 
TEMOSPho targeting osteoclasts may represent a promising 
new strategy for antirsorptive drug development. 

DISCUSSION 

Osteoclast formation and function is a multi-step process that 
involves proliferation and recruitment of osteoclast progenitors, 
commitment to osteoclast precursors, fusion into multinucleated 
cells, and activation (Boyle et al., 2003; Suda et al., 1999). Sig- 
naling of M-CSF/c-Fms axis leads to cell proliferation, differentia- 
tion and cytoskeletal organization of osteoclast lineage cells 
(Pixley and Stanley, 2004). In this study, we have shown that 
(R)-TEMOSPho may target M-CSF/c-Fms signaling, thereby 
suppressing osteoclast maturation, actin ring formation, and 
bone resorption. Thus, our study suggests that the use of (R)- 
TEMOSPho may be a promising treatment option for pathologi- 
cal bone disorders, through the inhibition of osteoclasts. 

Our results indicate that (R)-TEMOSPho inhibited osteoclast 
maturation by targeting a later stage of osteoclast formation. In 
support of this hypothesis, (R)-TEMOSPho had no effect on the 
expression levels of TRAP, cathepsin K and MMP 9, which are 
well known osteoclast marker genes (Crabtree and Olson, 2002; 
Hogan et al., 2003). This is further supported by experiments in 
vitro which showed (R)-TEMOSPho did not affect the prolifera- 
tion of osteoclast progenitor cells (data not shown), nor the gen- 
eration of TRAP* mononuclear pre-osteoclasts. Therefore, we 
can conclude that while (R)-TEMOSPho had a profound effect 
on the formation of TRAP* multinucleated osteoclasts, it did not 
affect the formation of TRAP* mononuclear cells. This effect of 
(R)-TEMOSPho is likely a result of inhibition of the fusion of 
mononuclear pre-fusion osteoclasts into large osteoclasts. 

In addition, we also found that osteoclasts developed in the 
presence of (R)-TEMOSPho showed an irregular or condensed 
shape with a smaller cell size, whereas the shape of the control- 
treated osteoclasts was round with a regular edge and a larger 
size. By actin ring staining, we found that peripheral actin rings 
were rarely formed in cells treated with (R)-TEMOSPho, sug- 
gesting that (R)-TEMOSPho impairs cytoskeleton integrity or 
formation of actin ring, which is essential for bone resorption by 
activated osteoclasts (Burgess et al., 1999; Vaananen et al.. 
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2000). Consistent with this notion, (R)-TEI\/IOSPho-treated os- 
teoclasts exhibited a markedly decreased capacity for bone 
resorption in vitro. These results suggest that impaired osteoc- 
last formation and bone resorption by (R)-TEMOSPho are attri- 
butable to cytoskeleton disorganization. 

M-CSF binds to its receptor, c-Fms, and induces receptor auto 
phosphorylation at seven tyrosine residues within the cytoplas- 
mic domain (Faccio et al., 2007; Pixley and Stanley, 2004). Sev- 
eral SH2 domain-containing molecules, such as PI3K (Grey et 
a!., 2000) and c-Cbl (Adapala et al., 2010), are recruited to the 
phospho-Tyr residues of c-Fms upon M-CSF binding, initiating 
the signaling cascades that lead to cytoskeletal reorganization 
(Faccio et al., 2007). In this context, we found that tyrosine 
phosphorylation of c-Fms upon M-CSF stimulation was marked- 
ly reduced by treatment of (R)-TEMOSPho. Furthermore, we 
confirmed that treatment of (R)-TEMOSPho inhibits M-CSF- 
induced phosphorylation of PI3K and c-Cbl. In osteoclasts, Vav 
proteins regulate cytoskeleton organization by activating small 
GTPases of the Rho family (Etienne-Manneville and Hall, 2002; 
Faccio et al., 2005; Hall, 1998; Razzouk et al., 1999; Ridley, 
2001a; 2001b; Schmidt and Hall, 2002;). Vav3-deficient pre- 
osteoclasts display abnormal morphology, deficiency in actin 
cytoskeleton organization, and attenuated bone resorptive activi- 
ty (Faccio et al., 2005). In the current study, we found that phos- 
phorylation of VavS was reduced by treatment of (R)- 
TEMOSPho in the presence of M-CSF signaling. Furthermore, 
(R)-TEMOSPho also decreased the activation of Raci during M- 
CSF stimulation. Our results show that blocking c-Fms phospho- 
rylation by (R)-TEMOSPho inhibits actin formation and bone 
resorption. Importantly, the inhibitory pathway downstream c- 
Fms by which (R)-TEMOSPho acts appears to be PI3K-c-Cbl 
pathway, as well as Vav3-Rac1 pathway. 

In summary, our findings indicate that inhibitory effects of (R)- 
TEMOSPho on osteoclasts (i) result from both the inhibition of 
the fusion of pre-osteoclasts and the disruption of cytoskeletal 
integrity in osteoclasts; (ii) that these effects are a consequence 
of the inhibition of M-CSF signaling through blocking the tyrosine 
phosphorylation of c-Fms; and (iii) that the inhibition of c-Fms 
downstream signaling pathways related to maintenance of actin 
ring integrity, and that alterations in these processes can inhibit 
bone resorption. Therefore, we conclude that (R)-TEMOSPho 
might be representative of a promising new class of antiresorp- 
tive drugs for treatment of bone-related diseases. 
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